Space applications are challenging infrared (IR) technologies, demanding the best system performance achievable. This requires covering the entire IR spectrum from short-wavelength infrared (SWIR) to very long-wavelength infrared (VLWIR) for various pixel sizes, which is possible thanks to a wellmastered mercury cadmium telluride technology. Because of its adjustable gap, it can be operated in all the IR bands. Nevertheless, technology optimization requires deep understanding of physical mechanisms. This paper presents computations by finite-element modeling of two aspects of electrooptical performance: spectral response and modulation transfer function (MTF). Computations and characterizations for all IR bands demonstrate the accuracy of our simulations and the state-of-the-art nature of our technology, which performs according to theory. This paper also highlights the capability to measure MTF at very small pitch (10 lm) by a nondestructive method.
INTRODUCTION
During the past few years, detector resolution improvement has generated a lot of interest. Since pixel pitch reduction improves resolution, the smallest pitch is desired. First, pixel pitch was reduced from 30 lm to 15 lm. 1 Now it is expected to achieve 12 lm 2 or 10 lm. 3 Recently, the optimum pixel pitch was estimated to be 3 lm for the midwavelength infrared (MWIR) band and 5 lm for the long-wavelength infrared (LWIR) band. 4 One of the key performance metrics for detector resolution is the modulation transfer function (MTF), which represents the ability of a system to distinguish contrast for different spatial frequencies. MTF optimization requires deep understanding of physical mechanisms. It has been shown previously that the ideal square pixel is not sufficient for predicting the MTF. 5 For space applications, the spectral response is also a key figure of merit. Product specifications require precise control of its value at different wavelengths. Thus, it is mandatory to be able to simulate the MTF and spectral response. This paper presents computations by finite-element modeling of the spectral response and MTF for the entire infrared band. Computations and characterizations for small-pitch and high-operabilitytemperature (HOT) components are presented for different pitches and cutoff wavelengths.
EXPERIMENTAL PROCEDURES
Spectral response measurements were carried out using a Fourier-transform infrared (FTIR) spectroscope in step-scan mode with resolution of 8 cm
À1
and F # = 4.5. The spectral response was obtained from the measured interferogram by strong NortonBeer apodization 6 and Fourier transformation. The MTF was measured using a knife-edge method. This approach has been used successfully in the past from 30 lm to 15 lm pitch. 5 This is a nondestructive method for measuring the pixel MTF in two directions. The principle is to scan a pixel with an illuminated knife-edge source. 7 The measured MTF can be obtained by Fourier transformation of the pixel response. However, because of the optical bench, the pixel MTF is convolved with the optical MTF as follows:
To extract the pixel MTF from the measurement, deconvolution is mandatory. Deconvolution can be achieved as long as the pixel MTF is lower than the optical MTF. However, with pixel reduction, the pixel MTF becomes closer to the optical MTF. This effect involves two major issues:
Complete understanding of the optical bench is necessary; The pixel MTF is very sensitive to noise coming from the measurement.
The optical MTF is measured by a reference sampling diode. This measurement can face the diffraction limit. For a circular aperture, the optical MTF at the diffraction limit can be expressed analytically as
where k is the wavelength, F # is the F-number, and MTF diffraction is the diffraction-limited MTF. Figure 1 presents a comparison between the measurement and the diffraction limit for wavelength of 3.8 lm and F # = 2.9.
As a consequence of aberrations present in the measurement, diffraction does not completely describe the optical-bench MTF. Aberrations have to be taken into account for the deconvolution. However, noise is added when the measurement is deconvoluted. Moreover, this noise is more critical for high spatial frequencies, where the optical MTF is close to zero. Thus, it is more problematic for small pitch. For these reasons, optical MTF modeling is necessary.
Aberration modeling is achievable with Zernike circle polynomial decomposition. 9 Each polynomial represents a different aberration. Figure 2 shows the modeling and the measurement for the MWIR band. In this figure, 11 orders of Zernike polynomial are used.
There are different ways to perform the deconvolution. The easiest solution is to divide the measured MTF by the optical MTF. However, such division can amplify noise coming from the MTF measurement. This amplification is more important for high spatial frequencies where the optical MTF is close to zero. The method chosen for the deconvolution is the Richardson-Lucy algorithm, 10 an iterative expectation-maximization deconvolution algorithm. It is applied in real space, implying no problem of divergence due to MTF division.
Instead of knife-edge illumination, a pinhole can also be used for spot-scan measurements. In this condition, an area of 3 9 3 diodes is scanned and the signal coming from the central pixel is collected. Using the same method of deconvolution, the MTF can be extracted with the central pixel response. In addition, by inverse Fourier transformation, the crosstalk can also be measured.
COMPUTATION
Computations were carried out using the finiteelement method (FEM). This method is currently used for MTF and spectral response computations. [11] [12] [13] Two equations have to be solved: an optical equation and a semiconductor equation. With the optical equation, the photogeneration is computed. We use an analytic form for the photogeneration which does not include interference or diffraction. Indeed, with our FTM measurement, the optical wave is absorbed before any reflection in the component. For the spectral response, because of the thick substrate, the light loses its coherence and a ray-tracing method is sufficient. Thus, the photogeneration can be defined as Berthoz, Grille, Rubaldo, Gravrand, Kerlain, Pere-Laperne, Martineau, Chabuel, and Leclercq where a is the absorption coefficient, z is the propagation wave axis, U is the incident photon flux, and P is the optical profile. The absorption coefficient is taken from Moazzami. 14 The form of the optical profile depends on the computation:
For an MTF, the optical profile is a Heaviside function; For a spectral response, the optical profile equals 1 to have uniform illumination.
When the photogeneration is computed, the ambipolar drift equation has to be solved. This relation links the photogeneration to the minority carrier distribution as follows:
where n is the minority carrier concentration, L d is the diffusion length, and D is the diffusion coefficient. L d and D are considered uniform throughout the whole computational domain. These values are obtained with specific devices and with quantum efficiency computation. Finally, with the minority carrier concentration, it is possible to compute the photocurrent using the gradient around the diode junction area. 15 Using this method, the MTF can be computed by solving these two equations for different positions of the optical profile. The obtained signal is used to compute the MTF by Fourier transformation. The spectral response can be computed directly with the solution of these equations for each wavelength. These figures show the very good accuracy of the computation. When the pitch is reduced, the MTF is always improved. However, at each Nyquist frequency, the MTF becomes lower with the pitch reduction. In this case, diodes are closer to each other, implying greater crosstalk. With the HOT technology, the MTF is slightly degraded. The reason is the larger lateral diffusion of carriers, implying higher electrical crosstalk. To verify this hypothesis, crosstalk measurements were carried out on these components, as shown in Fig. 5 .
RESULTS AND DISCUSSION
When the pitch is smaller or with the HOT technology, the crosstalk becomes greater. With this HOT technology, the diffusion length is larger due to a higher minority carrier lifetime. This explains the decreasing MTF value at Nyquist. Then, we investigated the impact of the cutoff wavelength on the spectral response and MTF computations. Measurements and computations are compared. Figure 6 shows the measured and calculated spectral response from the SWIR to VLWIR.
Good agreement was found for the entire infrared band. Thanks to the fit, it is possible to extract the cadmium composition x Cd . x Cd is an important parameter because all the physical properties depend on it. These parameters will be used for MTF computations.
A comparison between the computations and measurements of the MTF at different cutoffs at 30 lm pitch is shown in Fig. 7 .
The MTF computations and measurements were totally consistent. When the cutoff is larger, the MTF at Nyquist is also better. The reason is the larger diffusion length with the cutoff reduction. The MTF at Nyquist for the VLWIR band becomes higher than the ideal pixel. In this case, the pixel is not confined. The collection surface width D is smaller than the pitch, and the diode array periodicity is then defined by this dimension (Fig. 8) . Moreover, with the knife-edge method, only one pixel is sampled. Thus, the contribution of the sampling MTF is not included.
With a pixel not confined, the MTF at Nyquist and its first zero become higher. However, a lower collecting surface implies lower quantum efficiency. A trade-off has to be made to optimize these two performance features.
The same exercise was then carried out for the HOT technology at 15 lm pitch (Fig. 9) .
All the simulations as well as the measurements overlap. The MTF does not depend on the cutoff wavelength for the HOT technology. With the standard technology, the MTF variation with the cutoff was due to the variation of the diffusion length. However, with the HOT technology at these temperatures, the pixel is self-confined. The diffusion length is greater than the pixel pitch for all the bands investigated, and thus the MTF is constant.
Finally, we investigated very small-pitch (<15 lm) technologies. HOT technology at 12 lm in the MWIR red band was studied. Figure 10 shows the MTF at 130 K compared with 15-lm-pitch technology.
The good agreement obtained between the measurement and computation highlights the capability of the MTF measurements and computations for small-pitch technology. As expected, the MTF increases with the pitch reduction.
The MTF was studied for 10-lm-pitch standard technology (based on Hg vacancies) in the MWIR red band for XGA format. This technology is well controlled at Sofradir, leading to very high-operability components. As illustrated in Fig. 11 by the perfect Gaussian shape of the noise-equivalent temperature difference (NETD) histogram, operability of 99.94% at 110 K and F/4 was obtained with the standard criteria of NETD of 100%, responsivity of 20%, and DC level of 30%.
An important effort has been made to optimize the photodiodes in order to reduce crosstalk and increase MTF values at the Nyquist frequency for this technology. FEM computation was an effective tool to optimize diode architectures. Figure 12 compares the MTF at 10 lm pitch for two different technologies.
The first developed technology had an MTF at Nyquist equal to 0.34. Thanks to the computations, the diode architecture was optimized to obtain an MTF of 0.45 at the Nyquist frequency. Further improvements are currently ongoing. An optimized diode architecture with a 0.06 improvement at Nyquist was identified and will be tested. Berthoz, Grille, Rubaldo, Gravrand, Kerlain, Pere-Laperne, Martineau, Chabuel, and Leclercq
CONCLUSIONS
A method for MTF measurement by a nondestructive technique is presented. To increase the accuracy of MTF measurements, we developed new measurement procedures and optical MTF modeling, and applied the Richardson-Lucy algorithm. This new MTF measurement protocol was successfully used for standard and HOT technologies with different cutoff wavelengths and pitches down to 12 lm and 10 lm. A finite-element modeling program was developed to complete our measurement capabilities, and optimize the MTF. Clear MTF improvements were obtained for 10-lm-pitch n-on-p technology with Hg vacancy doping. An MTF value of 0.45 as predicted by the computations was obtained experimentally, and further MTF improvements mandatory for HOT and small-pitch components are currently ongoing for all HgCdTe technologies developed at Sofradir.
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